Abstract: The light-emitting diode nonlinearity in visible light communication (VLC) systems is considered to be a major problem that deteriorates system performance. In this paper, we experimentally demonstrate a high-speed WDM CAP64 VLC system employing a Volterra series-based nonlinear equalizer to mitigate the nonlinear effect. A modified cascaded multimodulus algorithm (M-CMMA) is utilized to calculate the error function and update the weights of the nonlinear equalizer without using training symbols. An aggregate data rate of 4.5 Gb/s is successfully achieved over 2-m indoor freespace transmission with a bit error rate (BER) below the 7% forward error correction limit of 3:8 Â 10 À3 . With the Volterra nonlinear equalizer, the Q factor of the VLC system is 1. 6 dB better than that without using the nonlinear equalizer, and the transmission distance is also increased by about 110 cm at the BER of 3:8 Â 10 À3 . To the best of our knowledge, this is the first time that the Volterra nonlinear equalizer is utilized for highspeed carrierless amplitude and phase (CAP) modulation-based VLC systems.
Introduction
Nowadays, visible light communication (VLC) based on light emitting diodes (LEDs) has attracted increasing attention for wireless applications such as indoor high-speed wireless access and positioning [1] . Compared to traditional wireless communication at radio frequency, VLC offers several advantages such as cost-effective, license-free, immunity to electromagnetic interference and high security. The feasibility of VLC has been demonstrated by employing redgreen-blue (RGB) LED and phosphor-based white LED. With RGB LED and spectrally efficient modulations, some outstanding achievements on high speed VLC transmission have been reported. Recently a 5.6-Gb/s VLC transmission has been firstly demonstrated with bit and power loading based discrete multi-tone (DMT) modulation [2] . Moreover, to eliminate the inter-symbol interference (ISI) in high speed VLC systems and further improve the system performance, series of linear equalization schemes have been widely utilized, such as decision feedback equalization (DFE) [3] , training symbol [4] , decision-directed least mean square (DD-LMS) [5] and recursive least square (RLS) [6] . In our previous work, we proposed to use a blind post equalization scheme called modified cascaded multi-modulus algorithm (M-CMMA) for a carrierless amplitude and phase (CAP) modulation-based VLC system [7] .
However, the LED nonlinearity is not taken into consideration in these reports, which has been a major challenge that deteriorates the system performance of a high speed VLC system. The LED nonlinearity is mainly caused by the nonlinear relationship between the LED forward current and the bias voltage, and different techniques have been done to overcome this impairment. In [8] , a post distortion technique is proposed to estimate and compensate for the LED nonlinearity at the receiver. However, this scheme is only validated by simulation results and lack of experimental demonstration. In [9] , a hybrid time-frequency domain equalization scheme is proposed and experimentally demonstrated. However, this hybrid equalizer is only suitable for OFDM based VLC systems. The Volterra series-based equalizer is considered as a promising solution to mitigate the LED nonlinearity. In [10] , decision feedback equalizer (DFE) with nonlinear Volterra feed-forward is introduced in a pulse amplitude modulation (PAM)-based VLC system. However, Volterra DEF needs a great deal of training sequence (about 10 k) for convergence, and the data rate of the VLC system is only 300 Mb/s.
In this paper, we experimentally demonstrate a high speed WDM CAP64 VLC system employing Volterra series based nonlinear equalizer to mitigate the LED nonlinearity. M-CMMA is proposed to calculate the error function and update the weights of the nonlinear equalizer without using training symbols. An aggregate data rate of 4.5 Gb/s is successfully achieved over 2-m indoor free space transmission with the bit error rate (BER) below the 7% forward error correction (FEC) limit of 3:8 Â 10
À3 [11] . With the Volterra nonlinear equalizer, the Q factor of the VLC system is 1.6 dB better than that without using the nonlinear equalizer, and the transmission distance is also increased by about 110 cm at the BER of 3:8 Â 10
À3 . To our best knowledge, this is the first time that Volterra nonlinear equalizer is utilized for high speed CAP modulation-based VLC systems. The results clearly show the benefit and feasibility of the Volterra series-based nonlinear equalizer for indoor high-speed VLC systems.
Principle
In a high-speed VLC system, the LED nonlinearity is mainly induced by the nonlinear relationship between the LED forward current and the bias voltage, which will seriously degrade the system performance and reduce the transmission distance. An equalizer is needed to mitigate the interference and recover the signals. Volterra series expansion is a widely used nonlinear system representation to model most nonlinear systems [12] . Therefore, Volterra series based nonlinear equalizer is suitable to mitigate the LED nonlinearity. The schematic diagram of the Volterra series based equalizer is shown in Fig. 1 .
The Volterra series expansion contains a linear term and nonlinear series. The linear term is utilized for linear equalizer, while the nonlinear series consist of second order term, third order term et al. As a tradeoff between computation complexity and equalization performance, only the second order term is taken into consideration in our VLC system, and the higher order terms are neglected. Therefore, the output of the equalizer is expressed as 
Here, y l ðnÞ is the output of the linear equalizer and y nl ðnÞ is the output of the nonlinear equalizer. N and NL are the tap numbers of the linear and the nonlinear equalizer. w i ðnÞ and w kl ðnÞ are the weights of the linear and nonlinear equalizer. In our VLC system, the optimal tap numbers of the linear and the nonlinear equalizer are respectively 45 and 25.
In [10] , the use of a decision feedback algorithm is proposed to calculate the error function of the Volterra nonlinear equalizer. However, this scheme needs a large number of training symbols to achieve the optimum weights. In their experiment, a 10 k long training sequence is utilized (the length of the total data stream is 50 k symbols) which obviously decreases the effective data rate. In this paper, we propose to use M-CMMA to calculate the error function and update the weights of the nonlinear equalizer. The principle of M-CMMA can be clearly found in [13] . M-CMMA is a blind multi-modulus algorithm, so training symbol is not required for convergence. The weights of the nonlinear equalizer are updated as 
Experimental Setup and Results
Fig . 2 shows the experimental setup of the WDM CAP64 VLC system employing Volterra series based nonlinear equalizer. At the transmitter, the original bit sequence is firstly mapped into 64QAM. Then the QAM signal is sent for CAP modulation. The detailed process of the CAP modulation and demodulation has been well described in [14] . The roll-off coefficient of the square-root raised-cosine function for CAP modulation is set to 0.02 for a high spectral efficiency. The CAP signals are generated by a Tektronix AWG 7122C for the three color chips of the RGB LED, and the modulation bandwidth is set at 250 MHz. The AWG 7122C have two independent outputs; therefore, we use the output of channel 1 for the red chip, while the output of channel 2 and its inverted copy are used as the signal sources for green and blue chip, respectively. The generated CAP signal is then pre-equalized by a self-designed bridged-T based hardware pre-equalizer to compensate the frequency attenuation at high frequency component [15] . After amplified by an electrical amplifier (EA, Mini-circuits, 25-dB gain), the signal and DC-bias voltage are combined by a bias tee, and respectively applied to driving the three color chips of the RGB LED. Here, a commercial RGB LED (Cree PLCC, output power: 1 W, red: 620 nm; green: 520 nm; blue: 470 nm) is utilized as the transmitter. A reflection cup with 60 divergence angle is applied to the RGB LED to decrease the beam angle of the LED for longer transmission distance.
At the receiver, a commercially available PIN photodiode (Hamamatsu 10784) are used to detect the optical signal. Before the PIN, lens (70-mm diameter and 100-mm focus length) are used to focus light, and optical R/G/B filters are also employed to filter out different colors. The output of the PIN is amplified by an EA and then recorded by a digital storage oscilloscope (Agilent DSO54855A) for further offline demodulation and signal processing.
In offline signal processing, the received signal is firstly sent for CAP demodulation. Then a linear equalizer and a Volterra series based nonlinear equalizer are both employed for post equalization. Here the linear equalizer is used to compensate the linear distortion, while the Volterra nonlinear equalizer is used for the mitigation of the LED nonlinear effect. M-CMMA is utilized to calculate the error function and update the weights of both the linear and the nonlinear equalizer. At last, the original bit sequence is recovered through QAM demapping.
To validate the LED nonlinearity, we first measure the V-I curve of the red chip of the RGB LED, as shown in Fig. 3 . The measured V-I curve is the black solid line, while the linear curve is the blue dash line. The LED has a turn on voltage (TOV), which is about 1.85 V for the red chip. If the bias voltage is smaller than TOV, the LED is considered as cut-off. A DC bias is applied to guarantee that the input signal works in the operation region. However, it can be clearly found that the LED forward current exhibits strong nonlinearity with the bias voltage. Therefore, there are two factors dominate the nonlinear effects: DC bias voltage and the input signal peak-topeak value (Vpp). For a better performance, the bias voltage and signal Vpp should be carefully selected to ensure the signal magnitude in the maximum linear region.
To render the RGB LED working at the optimal condition, we study the influence of different bias voltages and input signal Vpps. We firstly measure the BER performance of the red chip versus different bias voltages with and without the Volterra nonlinear equalizer, as shown in Fig. 4(a) . At this time, the input signal Vpp is fixed at 0.9 V. Then the BER performance versus different input signal Vpps is measured at the fixed bias voltage of 2.4 V, as shown in Fig. 4(b) . It is found that with the nonlinear equalizer, the BER performance can be greatly improved. Moreover, the performance improvement by the nonlinear equalizer is much better at higher bias voltage and larger signal Vpp. It can be explained by noting that the nonlinear effect will dominate at higher bias voltage and larger signal Vpp, while low SNR is the key problem at lower bias voltage and smaller signal Vpp. Therefore, the nonlinear equalizer can bring better performance at higher bias voltage and larger signal Vpp, because of the mitigation of the LED nonlinearity. Furthermore, it is a tradeoff to select the bias voltage and input signal Vpp, because the low SNR (at lower bias voltage and signal Vpp) and the nonlinearity (at higher bias voltage and signal Vpp) will both deteriorate the system performance. Therefore the optimal working point of the VLC system should be tested. We also measure the BER performances versus bias voltages and input signal Vpps of the green chip and the blue chip. According to the measurements, the optimal working point of the red, green and blue chip is respectively at (2.4 V bias voltage, 0.9 V input signal Vpp), (4.1 V, 0.55 V) and (4.1 V, 0.5 V).
At the optimal working point, we measure the BER performances versus different distances employing the linear equalizer and the Volterra nonlinear equalizer, as presented in Fig. 5(a) . It can be observed that at the distance of 2 m, the BERs of the three color chips can below the 7% FEC limit of 3:8 Â 10
À3 so that the aggregate data rate of 4.5 Gb/s is successfully achieved at common indoor distance. We also measure the BER performances only using the linear equalizer for comparison, as shown in Fig. 5(b) . It can be found that without the nonlinear equalizer, the BER performances become worse in all the three color chips, and the BERs of green and blue chip cannot meet the FEC threshold even at 1-m distance.
For a clear comparison, we measure the Q factors versus transmission distance with and without the Volterra nonlinear equalizer, as shown in Fig. 6(a) . The results show that with the nonlinear equalizer, the Q factor of the VLC system is improved by 1.6 dB than that without using the nonlinear equalizer at 2-m distance. Moreover, we compare the transmission distance with and without the Volterra nonlinear equalizer, as shown in Fig. 6(b) . It can be found that employing the nonlinear equalizer, the transmission distance is increased by about 110 cm at the BER of 3:8 Â 10
À3 . It should be noted that in VLC systems, the luminance of the LED is the key factor that can limit the transmission distance. In our experiment, the measured luminance of the combined white light at 2 m is about 300 lx. The luminance is below the standard value for brightness (500lx). Therefore, it is believed that transmission distance and system performance can be further improved by increasing the optical power of LEDs or deploying LED array.
Conclusion
In this paper, for the first time, we experimentally demonstrate a high speed WDM CAP64 VLC system employing Volterra series based nonlinear equalizer to mitigate the LED nonlinearity. M-CMMA is utilized to calculate the error function and update the weights of the nonlinear equalizer without using training symbols. The V-I curve of the red chip is measured to validate the LED nonlinearity, and the influence of the bias voltages and input signal Vpp is also studied to find the optimal working condition. An aggregate data rate of 4.5 Gb/s is successfully achieved over 2-m indoor free space transmission. With the Volterra nonlinear equalizer, the Q factor of the VLC system is 1.6 dB better than that without using the nonlinear equalizer, and the transmission distance is also increased by about 110 cm at the BER of 3:8 Â 10
À3 . The results clearly show the benefit and feasibility of Volterra series-based nonlinear equalizer for beyond Gb/s VLC systems.
